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Abstract 
Mismatch repair enzymes are employed by both mitotically and meiotically 
dividing cells to correct mismatched base pairs produced during replication of DNA. 
recombination events during meiosis and/or DNA damage caused by mutagenic agents. 
Aberrant mismatch repair function has been implicated as a cancer-causing agent. PMS2 
and MSH2 are two mouse homo logs of the bacterial Mutlll..-S mismatch repair complex. 
Homologs are also found in yeast and humans. We have used two immunochemical 
methods to study the expression of these proteins in mice to determine when these 
proteins are present in germ cell development and under what circumstances they may be 
expressed. (1) Immunofluorescence studies of immature murine testis sections reveal 
that PMS2 and MSH2 are expressed at detectable levels only in the germ cells and not in 
the Sertoli cells of seven-day-old mice. (2) Western blots of protein lysates from 
pachytene spennatocytes that were X-irradiated in vitro or from etoposide-treated mice 
show that PMS2 and MSH2 expression is not increased after treatments that can cause 
significant damage to the DNA. This suggests that protein present in the normal cell may 
be adequate for rapid repair of damage. These finding give insight to the expression of 
mismatch repair enzymes during spermatogenesis. 
Background 
I) Spermatogenesis 
Spermatogenesis is the process through which germ cells progress from mitotically 
dividing spermatogonia to meiotically dividing spermatocytes (Figure J). Type A and B 
spermatogonia are located along the basement membrane of the seminiferous tubule. 
Type A spermatogonia divide several times mitotically and then produce Type B 
spermatogonia. Type B divide once to give rise to primary spermatocytes, which progress 
through a lengthy prophase. Spermatocytes undergo the meiotic divisions. During the 
pachytene stage of the extended prophase J, recombination occurs between homologous 
chromosome pairs. Secondary spermatocytes are produced after the first, reductive 
meiotic division. They divide rapidly to produce post-meiotic, haploid, round 
spermatids. Round spermatids undergo a series of morphological changes, called 
spermiogenesis, to become spermatozoa. A somatic cell, called a Sertoli cell, is also 
found along the basement membrane of the seminiferous tubule. Sertoli cells are thought 
to serve as nurse cells for the developing germ cells. In the mouse, spermatogenesis is 
divided into twelve stages and the progression of a diploid germ cell to a haploid 
spermatozoon occurs within about 36 days (Handel 1987). The kinetics and duration of 
this development means that specific types of cells are grouped together in defmed 
regions of the seminiferous tubule (Figure 2). When one views the seminferous tubule 
under a light microscope, changes in the density of the tubule that specify these regions 
are apparent (Parvinen et aI., 1993). These visible changes are due to the specific cell 
types that are present within each of the different stages along the tubule. 
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My early experiments in the Handel lab focused on consistently identifying one 
specific stage, twelve, when viewing the seminiferous tubules under light microscopy. 
Stage twelve is particularly interesting for studies in the Handel lab because the 
meiotically dividing cells are found only in this stage. By isolating these cells 
specifically, protein expression during the transition into and out of metaphase I can be 
explored. As we began to characterize the density changes along the tubule, we 
discovered a region that we called a constriction site. Along the tubule, we consistently 
saw a region where the density changed abruptly from a dense, dark appearance to a 
light, opaque appearance. Approximately O.3mm from this region lies the section of 
tubule that contains stage XII. Stage XII could be isolated by excising a 1 mm length of 
tubule. This study of staging along the mouse seminiferous tubule served as a useful tool 
in learning techniques and gaining a better understanding of spermatogenesis in the 
mouse. 
II) Mismatch Repair 
Mismatch repair enzymes are employed by both mitotically and meiotically dividing 
cells to correct mismatched base pairs produced during replication of DNA, 
recombination events during meiosis and/or DNA damage caused by mutagenic agents 
Kolodner and Marsischky, J 999). PMS2 and MSH2 are two mouse homologs of the 
bacterial MutHLS mismatch repair complex (Figure 3). The MutHLS complex functions 
to repair single nucleotide mismatches. In E. coli the MutS subunit identifies mispaired 
bases in DNA. The MutH and MutL subunits are recruited to the site by the MutS 
subunit and the complex that forms enzymatically repairs the damage. Homologs of this 
complex are also found in yeast and humans, although the function of these complexes is 
not as well characterized in these species. It is known that PMS2 forms a heterodirner 
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with MLHI and is a homolog of the MutL subunit. MSH2 fOnTIS a heterodimer with 
either MSH3 or MSH6 and is a homolog of the Mut S subunit (Kolodner and Marsischky, 
1999). 
Previous experiments in the Handel lab had shown that both PMS2 and MSH2 are 
present at higher levels in the testes of immature mice than in mature animals 
(L. Richardson, personal conununication). Further experiments using Western blots of 
protein lysates from isolated genn cells showed that PMS2 and MSH2 are expressed at 
higher levels in the spermatogonia (mitotically dividing cells) than in spennatocytes 
(meiotically dividing cells) or haploid spermatids (Figure 4). 
Introduction 
We used two immunochemical methods to study the expression ofPMS2 and 
MSH2 in mice to determine when in germ cell development these proteins are present 
and under what circumstances they may be expressed. 
The mitotic index ofSertoli cells in immature mice that are 8-days-old or younger 
is high compared to that ofSertoli cells in adult mice, which do not divide (Kluin et aI., 
1984). Previous experiments, using Western blot analysis, had shown that PMS2 and 
MSH2 are both present in day 7 testes, which contain only spermatogonia and Sertoli 
cells. Studies using isolated genn cell fractions demonstrated that spermatogonia express 
both mismatch repair proteins. Since in young mice Sertoli cells divide mitotically, as do 
spermatogonia, we sought to determine whether immature Sertoli cells also express 
PMS2 and MSH2. lnununofluorescence staining for PMS2 and MSH2 proteins on of7-
day-old testis sections was used to further explore the cell specificity of the expression 
pattern for these mismatch repair enzymes during testis development. 
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Recombination during the pachytene stage can cause DNA breaks and 
mismatched base pairs could occur during the reannealing of exchanged chromosomal 
material (Handel, 1997). X-irradiation and chemical mutagens have been shown to cause 
DNA breaks in other organisms. Etoposide is a chemical inhibitor of to poi some rase II. 
Topoisomerase II is an enzyme that helps unwind the DNA during replication by creating 
DNA breaks through which a strand of DNA can be passed (Watt and Hickson, 1994). 
Etoposide inhibits topoisomerase II just after the DNA breaks occur, resulting in 
unrepaired DNA damage. By inducing DNA damage through X-irradiation and 
etoposide treatment, we explored whether the expression ofPMS2 and MSH2 is 
regulated under mutagenic circumstances. The expression of mismatch repair enzymes 
after exposure to DNA-damaging agents was analyzed using pachytene spermatocytes, 
which are cells undergoing the extended prophase of meiosis I. 
Once mutagenic agents have been used to induce DNA damage, it is also 
important to assess the competence of these spermatocytes to undergo meiotic division. 
Checkpoint proteins are believed to respond to DNA aberrations that could lead to mutant 
cell progeny by delaying cell cycle progression (Murray, 1994). If DNA damage has 
occurred, cells should arrest and not progress through meiotic division until after damage 
is repaired. If treated cells are inhibited or delayed in progress through the meiotic 
division, it can be inferred that DNA damage has occurred. Any mismatches resulting 
from the repair of the DNA damage would require mismatch repair proteins and thus may 
be overexpressed in these treated cells. Western blots of protein lysates from both 
untreated pachytene spermatocytes and X-irradiated pachytene cells or cells from mice 
5 
injected with etoposide were used to determine if these cells upregulate the expression of 
PMS2 and MSH2 repair enzymes under conditions when DNA damage occurs. 
Materials and Methods 
I) Analysis of cell specificity of protein expression 
The testes were removed from 7-day-old mice, after cervical dislocation. After 
fLXation in 4% paraformaldehyde in 0.1 M NaP04 , the testes were placed in 70% ethanol 
for approximately four days. The fixed testes were dehydrated in increasing 
concentrations of ethanol followed by toluene and embedded in paraplast. Because of 
small size, approximately three testes were embedded in each paraffm block. Sections 
were cut at three-micron thickness from the 7-day-old samples, placed on slides and 
deparaffinized. After washing, the sections were stained with 1501-11 ofthe primary 
antibodies against PMS2 (1 :200 in antibody dilution buffer [ADB], Calbiochem) and 
GCNA (1:5 in ADB, a gift from Dr. George Enders) or MSH2 (1 :200 in ADB, 
Calbiochem) and GCNA (1:5 in ADB) and placed upside down in a humidified petri 
dish. After overnight incubation and washing, the sections were stained with goat-ant i-
mouse coupled to Rhodamine (1 :500 in ADB, Cappel) and goat-ant i-rat coupled to FITC 
(1 :500 in ADB, Cappel) secondary antibodies and incubated for an additional two hours. 
Following the secondary antibody, the sections were treated with a DAPI counterstain 
(1: I 000 in H20, Molecular Probes) and coverslips were mounted with Pro-long Antifade 
(Molecular Probes). The samples were examined with 40X and 100X fluorescent 
mIcroscopy. 
6 
II) Analysis of protein expression after treatment with DNA-damaging agents 
A) Experimental treatments 
i) X-irradiation 
Pachytene spermatocytes were obtained through a ST APUT density-gradient 
separation of testicular cells (Be live et aL 1977). The cells were cultured overnight in 
four wells containing approximately 1.2 million cells/ml in each. The following day, two 
of the samples were exposed to 1000 rad of X-rays, while the other two control samples 
were sham irradiated. After treatment, at time zero, a 500 ~l sample was taken from one 
X-irradiated sample and one control sample. After a series of washes and centrifugation, 
the resulting cell pellet was frozen in liquid N2. After three hours of incubation at 33°C, 
the remaining 500 ~I aliquot was taken from the treated and control samples and also 
pelleted before freezing. 
ii) Etoposide 
Adult CD-l mice were given intra-peritoneal injections of etoposide [75mglkg-
body weight] in the abdomen. Control mice were injected with the solubilization vehicle, 
dimethylsulfoxide (DMSO). After 24 hours, pachytene spermatocytes were obtained by 
ST APUT separation from testes of some of the etoposide-treated mice and some of the 
control, untreated mice. After 4 days, pachytene spermatocytes were obtained in the 
same way from testes of the rest of the etoposide-treated and control mice. 
B) Analysis of competence for meiotic division 
Cultures of X-irradiated spermatocytes were treated in the same way to determine 
meiotic competence. Three hours after X-irradiation, okadaic acid (20 ~L of244~M OA) 
was added to treated and control samples. Okadaic acid induces normal pachytene 
7 
spermatocytes to progress rapidly to meiosis I (Cobb et aI., 1999); this allows us to assess 
if cells are competent for meiotic division. After an additional three hours of incubation 
with OA (six hours of incubation total), a preparation of metaphase chromosomes by the 
method of Evans' was performed on the samples (Evans et aI., 1964). This procedure 
invo Ives hypotonic swelling of nuclei and spreading of condensed chromosomal material 
onto the slide for staining and inspection. Slides were viewed at 100X under light 
mIcroscopy. 
C) Analysis by Western blot 
Protein Iysates from each of the frozen samples of X-irradiated and etoposide-
treated cells were made in a 300111 salt buffer of 1 M NaCI, 5M Tris and NP-40 in H20 
(Cobb et aI., 1999). A protein assay was then performed to assess the concentration of 
protein in all samples so that an equal amount of protein could be added to each well of 
the two gels. 20llg of protein were used from cell samples of etoposide-treated mice and 
10Ilg were used from cells that had been X-irradiated. After SDS-PAGE and transfer of 
the protein to a nitrocellulose membrane, the blots were blocked in 5% powdered milk 
blocking buffer for 1 hour and then incubated in either PMS2 (1: 1 00 in blocking buffer) 
or MSH2 (1 :500 in blocking buffer) primary antibody for I hour. After washing once for 
IS-minutes followed by twice for five minutes each, the blots were incubated in goat-
anti-mouse secondary antibody (1 : 1 0,000 in milk buffer) for one hour. After washing 
once for fifteen minutes and four times for five minutes each, the blots were rinsed with a 
chemiluminescent reagent (ECL reagent, Amersham) for 1 minute. The blots were then 
exposed to film for time periods of 10 seconds, 30 seconds and 2 minutes. 
8 
Results 
I) Cell specificity of protein expression 
Immature mouse testis sections were used for this experiment because the two 
cell types present in the 7-day-old mouse testis are spermatogonia (germ cells) and 
Sertoli cells (somatic cells) (Figure 5). At this stage of development, both types of cells 
are dividing mitotically. The germ cells were distinguishable from the Sertoli cells 
because only the germ cells stained positively with the GeNA antibody. The Sertoli cells 
were distinguishable within the sections by their positive staining with the DAPI 
counterstain. When stained with antibodies to mismatch repair proteins, the germ cells 
stained positively for both PMS2 and MSH2, but the Sertoli cells were negative for the 
expression of both mismatch repair proteins. 
II) Protein expression after treatment with DNA-damaging agents 
A) X-irradiation 
After X-irradiation, competence of pachytene spermatocytes from each sample to 
advance to metaphase I (MJ) was assessed. If DNA damage had occurred, we expected 
the spermatocytes to arrest before progressing to the meiotic division phase or 
metaphase I. Examples of control and treated spermatocytes are seen in figure 6. 
Normal MJ spermatocytes with condensed chromosomes held together by regions of 
crossing-over were viewed in the control samples indicating competence to progress to 
metaphase I (Panel A). Pachytene spermatocytes in the control sample also appeared to 
be normal. All of the spermatocytes in the treated sample appeared abnormal. In contrast 
to control cells, no normal metaphase I cells were seen. Spermatocytes were present that 
had patches of condensed chromatin material, as if the spermatocytes had attempted to 
9 




progress to metaphase I, but the spermatocytes were unable to complete the progression. 
Pachytene spermatocytes in the treated sample also appeared to be abnormal (Figure 6). 
Meiotic competence was analyzed further by examining the number of 
spermatocytes that progressed to different stages in meiosis 6 hours after X-irradiation 
and 3 hours after OA treatment (Figure 7). At the outset, there were approximately the 
same number of pachytene spermatocytes in the control and X-irradiated samples. Only 
15% of the X-irradiated pachytene spermatocytes were able to progress to the MI stage 
after OA treatment as compared with 30% of the control spermatocytes that progressed to 
MI. Even the spermatocytes that appeared to have made some progression in condensing 
chromosomes were visibly abnormal. It appeared that X-irradiation had caused DNA 
damage in these spermatocytes. 
Western blots (Figure 8) of protein Iysates from both the control and X-irradiated 
samples showed that PMS2 and MSH2 were present at similar levels in both the control 
and treated samples at 0 and 3 hours after treatment. The expression pattern of PMS2 
and MSH2 did not change between the control sperrnatocytes and the spermatocytes that 
had undergone X-irradiation. 
B) Etoposide 
Western blots (Figure 9) of protein lysates of spermatocytes from the control mice 
and from etoposide-treated mice showed that PMS2 and MSH2 were present at similar 
levels in both the control and treated samples both at 24 hours after treatment and 4 days 
after treatment. PMS2 and MSH2 expression did not change between the control 
spermatocytes and spermatocytes obtained from etoposide-treated mice. 
10 
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Discussion and Conclusions 
I. Cell specificity of protein expression 
Sertoli celis, the somatic helper cells of the seminiferous tubule, undergo mitotic 
divisions in the immature mouse. Biologically, these cells could utilize mismatch repair 
enzymes to repair DNA damage arising from replication of DNA during mitosis. 
Previous experiments show that the mitotically dividing spermatogonia are positive for 
PMS2 and MSH2 expression. We employed immunochemical-staining techniques to 
explore the expression ofPMS2 and MSH2 in the mitotically dividing Sertoli cells of 
immature mouse testes. These data extend previous results that showed mismatch repair 
enzyme expression in the spermatogonia (L. Richardson, personal communication) and 
reveal that Sertoli cells do not express PMS2 and MSH2 at detectable levels. Thus, 
somatic cells do not contribute significantly to mismatch repair enzyme expression in the 
immature testis. The results do not rule out the possibility that Sertoli cells maintain 
levels of mismatch repair proteins below the sensitivity of the staining procedure or use 
other repair pathways to protect themselves from DNA damage. Alternatively, although 
immature Sertoli cells continue to divide mitotically, the number of cells dividing per 
testis is low and could have been missed. 
II. Protein expression after treatment with DNA-damaging agents 
Mismatch repair enzymes are thought to repair single nucleotide mismatches in DNA 
arising from errors during replication of DNA, recombination or from exposure to 
mutagenic agents. We explored mismatch repair enzyme expression after treatment of 
spermatocytes with two different mutagenic agents, X-irradiation and etoposide, that 
cause double-strand DNA breaks. It is possible that when significant DNA damage 
II 
occurs from exposure to mutagenic agents, mismatch repair enzyme expression would be 
upregulated by the cell. That DNA damage from X-irradiation had occurred was 
demonstrated by the failure of irradiated pachytene spermatocytes to progress to the 
meiotic division phase. DNA damage in spermatocytes obtained from etoposide-treated 
mice was assessed in a previous experiment in the lab. Approximately 45% of the 
pachytene spermatocytes from etoposide-treated mice were able to progress to MI, while 
approximately 65% of the control spermatocytes progressed to MI. Only a small 
percentage of the spermatocytes from treated mke appeared abnormal upon examination. 
We used Western blots to examine the expression ofPMS2 and MSH2 in both the X-
irradiated spermatocytes and spermatocytes from etoposide-treated mice. These 
experiments showed the expression ofPMS2 and MSH2 does not change when cells 
were treated with agents (X-rays or etoposide) that can cause extensive DNA damage. 
These results actually concur with previous research indicating that DNA repair may 
begin with minutes of damage (Coogan and Rosenblum, 1988). It may be advantageous 
for the cell to maintain sufficient protein levels for rapid repair of damage. Other 
experiments have shown that another repair protein, Rad50, which has a similar function 
as PMS2 and MSH2, is also not overexpressed in cells that have been treated with 
mutagenic agents (Dolganov et aI., 1996). The activity of the proteins could not be 
ascertained in this experiment. An activity assay might reveal that PMS2 and MSH2 
were more active in both types of damaged cells even though their levels of expression 
did not change. 
12 
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